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ABSTRACT

Chimeric simian immunodeficiency virus (SIV)/human immunodeficiency virus (HIV) (SHIV) infection of macaques is com-
monly used to model HIV type 1 (HIV-1) transmission and pathogenesis in humans. Despite the fact that SHIVs encode SIV an-
tagonists of the known macaque host restriction factors, these viruses require additional adaptation for replication in macaques
to establish a persistent infection. Additional adaptation may be required in part because macaque CD4 (mCD4) is a suboptimal
receptor for most HIV-1 envelope glycoprotein (Env) variants. This requirement raises the possibility that adaptation of HIV-1
Env to the macaque host leads to selection of variants that lack important biological and antigenic properties of the viruses re-
sponsible for the HIV-1 pandemic in humans. Here, we investigated whether this adaptation process leads to changes in the anti-
genicity and structure of HIV-1 Env. For this purpose, we examined how two independent mutations that enhance mCD4-medi-
ated entry, A204E and G312V, impact antibody recognition in the context of seven different parental HIV-1 Env proteins from
diverse subtypes. We also examined HIV-1 Env variants from three SHIVs that had been adapted for increased replication in
macaques. Our results indicate that these different macaque-adapted variants had features in common, including resistance to
antibodies directed to quaternary epitopes and sensitivity to antibodies directed to epitopes in the variable domains (V2 and V3)
that are buried in the parental, unadapted Env proteins. Collectively, these findings suggest that adaptation to mCD4 results in
conformational changes that expose epitopes in the variable domains and disrupt quaternary epitopes in the native Env trimer.

IMPORTANCE

These findings indicate the antigenic consequences of adapting HIV-1 Env to mCD4. They also suggest that to best mimic HIV-1
infection in humans when using the SHIV/macaque model, HIV-1 Env proteins should be identified that use mCD4 as a func-
tional receptor and preserve quaternary epitopes characteristic of HIV-1 Env.

Macaque models of human immunodeficiency virus HIV type
1 (HIV-1) infection have been critical to preclinical vaccine

and passive-immunization studies and to the understanding of
HIV-1 pathogenesis. HIV-1 does not persistently infect macaques
because of several species-specific host factors that prevent infec-
tion or inhibit viral replication (1). Simian immunodeficiency vi-
rus (SIV)/HIV chimeric viruses (SHIVs) encode SIV antagonists
of these macaque restriction factors, and such SHIVs serve as sur-
rogates of HIV-1 infection in macaques. Despite the fact that
SHIVs incorporate the critical SIV antagonists of known macaque
restriction factors, they require additional passage in vivo in order
to replicate to high levels and cause persistent infection in ma-
caques (1). Even with the improved understanding of host-virus
interactions, there has been variable success in generating SHIVs
capable of establishing infection in macaques, and this process
remains expensive and labor-intensive.

SHIVs that incorporate the gene for the envelope glycoprotein
(Env) of HIV-1 are particularly important for HIV-1 vaccine and
passive-immunization studies with macaques because Env is the
major target of the host antibody response. Thus, Env proteins
from viruses representing those that were transmitted and/or suc-
cessfully spreading in the population would be ideal; however, all
but two SHIVs in current use encode Env sequences derived from
chronic infection (2, 3). Moreover, currently available pathogenic
SHIVs represent only two of the major circulating HIV-1 sub-

types, B and C (2–8). Identifying pathogenic SHIVs based on
other subtypes has been hindered by the fact that not all SHIV
chimeras replicate in macaque lymphocytes (9). Thus, the current
limited collection of SHIVs does not represent the genetic diver-
sity of circulating HIV-1 strains.

All but two of the SHIVs in current use— both carrying a sub-
type C env (2, 3)—were generated by using virus that was first
amplified by replication in culture. Among the SHIVs that have
been tested for infection in macaques, all required serial passage to
further adapt to cause persistent infection and disease (2–8). Sev-
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eral studies have shown that this process of serial passage resulted
in mutations in both the constant and variable regions of Env (8,
10–16). A number of these studies focused on CXCR4 and dual-
tropic variants of HIV-1 and showed that the passaged viruses
have neutralization profiles that differ from those of the unpas-
saged viruses from which they were derived, suggesting that adap-
tation of HIV-1 Env to macaques may alter its antigenicity. In
general, the CXCR4- and dual-tropic HIV-1 Env proteins that
were passaged in macaques were more resistant to monoclonal
antibodies (MAbs). However, there has not been a systematic
evaluation of how the process of macaque adaptation impacts the
antigenic properties of SHIVs representing transmitted HIV-1
Env proteins, which use the CCR5 coreceptor. Likewise, the role of
adaptation of HIV-1 Env to the mCD4 receptor in this process has
not been examined.

The requirement for adaptation of SHIVs is not surprising,
given that species-specific differences between the human and
macaque CD4 (mCD4) receptors restrict the ability of HIV-1 Env
variants to infect macaque cells (17, 18). Specifically, a single poly-
morphism at position 39 in the mCD4 (isoleucine) versus the
human CD4 (asparagine) receptor leads to a 1- to 2-log reduction
in the entry of circulating HIV-1 variants (18). The SHIVs in com-
mon use all have the ability to use the mCD4 receptor more effi-
ciently than circulating HIV-1 variants (18), suggesting that they
are able to tolerate this amino acid difference in the mCD4 recep-
tor. Recently, two independent point mutations in Env were iden-
tified that increased entry mediated by mCD4 by �100-fold for
most of the viruses tested (17). Interestingly, these two mutations
occur outside the CD4 binding site (CD4bs), in the C2 region
(A204E) and the V3 loop (G312V) of the gp120 subunit of Env. A
SHIV carrying the G312V change has also been selected in ma-
caques (19).

It is critical that SHIVs that are used in preclinical models for
vaccine and passive-immunization studies retain the antigenic
features of HIV-1 Env circulating in humans. The recent identifi-
cation of broadly neutralizing antibodies (bNAbs) against HIV-1
has provided a set of highly sensitive probes to assess changes to
the conformation of the Env trimer at distinct epitopes that were
not available in earlier studies of SHIV evolution (13-16, 20).
These bNAbs include the following: CD4bs antibodies, exempli-
fied by VRC01 and VRC03 (21); a class of antibodies that recog-
nize glycan-dependent epitopes in the V1V2 region, such as PG9,
PG16, and PGT145 (20, 22); antibodies that recognize glycan-
dependent epitopes in the V3 loop, PGT121 and PGT128 (20);
and those that target the membrane-proximal external region
(MPER), a recent example of which is 10E8 (23). A number of
these bNAbs target quaternary epitopes formed by the interaction
of multiple Env protomers and preferentially bind the trimeric
form of Env (22, 24, 25). Such bNAbs are useful in detecting con-
formational changes in the Env trimer.

It is unclear what, if any, effect the changes that result from
adaptation of HIV-1 Env proteins circulating in humans for entry
using the mCD4 receptor have on the biological and immunolog-
ical properties of the Env protein. If the process of increasing
replication fitness by adapting to mCD4 leads to major biological
and/or antigenic changes in Env, then SHIVs based on these Env
proteins may not faithfully predict key features of HIV-1 Env pro-
teins spreading in human populations. Thus, understanding how
the adaptation impacts Env is a critical consideration in the use of
these model systems for screening HIV-1 vaccines and prevention

methods. The goals of the present study were to assess the anti-
genic properties of HIV-1 Env proteins adapted to replication in
macaques and to determine if there are conformational changes in
the Env trimer that facilitate this adaptation. Our results indicate
that Env proteins from SHIVs capable of entry using mCD4 ex-
hibit a pattern of resistance to antibodies that recognize quater-
nary epitopes that is greater than that of the parental Env while
becoming more sensitive to epitopes that are further exposed
upon CD4 binding. We propose that adaptation to mCD4 results
in conformational changes that allow the Env trimer to more read-
ily adopt the CD4-bound state, disrupting quaternary epitopes in
the native Env trimer and increasing sensitivity to CD4-induced
antibodies.

MATERIALS AND METHODS
Envelope clones and mutagenesis. The following envelope clones and
their corresponding A204E and G312V mutant proteins were described
previously (17, 18): five subtype A clones (Q23ENV.17, MG505.W0M.
ENV.H3, BG505.W6M.ENV.B1, QF495.23M.ENV.A3), one subtype C clone
(QC406.70M.ENV.F3), and one subtype D clone (QA013.70I.ENV.H1). For
the present study, nucleotide changes were introduced by site-directed mu-
tagenesis to generate A204E and G312V Env mutant proteins for envelope
clone QA255.662M.C (26) by methods similar to those previously described
(17).

The following wild-type envelope clones were also used: seven sub-
type A clones (QA255.21P.ENV.A15, Q461.d1, QH209.A2, QH359.21M.
ENV.C1, QF495.23M.ENV.B2, Q842.d16, QH343.21M.ENV.A10) (27–29),
seven subtype B clones (RHPA.4259.7, WITO4160.B33, AD8, TRJO4551.58,
CAAN5342.A2, QH0692.42, PVO.4) (30), six subtype C clones
(ZM233M.PB6,ZM249.PB1,CAP210.2.00.E8,CAP45.2.00.G3,DU156.12,
DU422.1) (30, 31), and three A/D recombinant subtype clones (QG393.
60M.ENV.B7, QA790.204I.ENV.A4, QA790.204I.ENV.C1) (28).

The following SHIV envelope clones were used: SHIV AD8-EO (32)
and SF162P3 (4). SHIV AD8-EO Env was cloned from a full-length pro-
viral clone into the pCI-neo vector by using EcoRI and SalI restriction
enzymes.

Production of virus. Pseudoviruses were generated by cotransfecting
293T cells with 0.5 �g of each envelope clone of interest with 1.0 �g of an
env-deficient subtype A proviral plasmid (Q23�env) (27). For these stud-
ies, 4 � 105 293T cells were plated into the wells of a six-well dish �24 h
prior to transfection in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum (FCS) and 2 mM
L-glutamine (complete DMEM). For each transfection, plasmid DNA was
mixed with 6 �l of Fugene 6 transfection reagent (Roche). Pseudoviruses
were harvested 48 h posttransfection. Supernatants were spun at 1,200 �
g for 5 min at room temperature to remove cell debris, and aliquots of the
pseudovirus stocks were stored at �80°C. Green fluorescent protein
(GFP) reporter viruses were generated by cotransfecting 5 � 105 293T
cells, plated the day prior, with 333 ng of each envelope clone and 667 ng
of Q23�env-GFP—a derivative of the subtype A Q23�env provirus that
encodes GFP (27). Transfections were performed as described for pseu-
doviruses, and supernatants were harvested at 72 h posttransfection. The
viral titer of each transfection supernatant was determined by infecting
TZM-bl cells and counting the blue cells at 48 h postinfection after stain-
ing for �-galactosidase activity (33).

Viral stocks of full-length, replication-competent SHIV 1157ipEL-p
(2) were generated by expanding the virus in immortalized pig-tailed
macaque lymphocytes as described previously (34).

Neutralization assay. Approximately 500 infectious pseudoviral par-
ticles in 25 �l of complete DMEM were incubated with 5-fold serial dilu-
tions of each MAb or soluble CD4 (sCD4) in duplicate for 60 min at 37°C.
A total of 1 � 104 TZM-bl cells in 100 �l of complete DMEM was added to
each dilution in the presence of DEAE-dextran at a final concentration of
10 �g/ml. For assays with SHIV 1157ipEL-p, full-length, replication-
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competent virus was used. Each MAb—VRC01, VRC03 (21), PG9, PG16,
PGT145 (22), PGT121, PGT128 (20), 10E8 (23), 447-52D (35), and 697-
30D (36)—was tested at a starting concentration of 10 �g/ml. At 48 h
postinfection, �-galactosidase activity was measured with the Galacto-
Lite system (Applied Biosystems). For assays with MAb 17b (37), pseudo-
virus was incubated with antibody dilutions for 6 h before infection of
TZM-bl cells. Pooled plasma from 30 HIV-1� individuals from Kenya
(38) was tested at 2-fold serial dilutions starting at 1:100. The 50% inhib-
itory concentration (IC50) was determined as the concentration of anti-
body or reciprocal plasma dilution at which 50% of the pseudovirus input
was neutralized as previously described (33). IC50s represent the average
of at least two independent experiments performed in duplicate.

Generation of pseudoviruses incorporating heterotrimeric Env pro-
teins. Pseudoviruses incorporating heterotrimeric Env proteins were gen-
erated by cotransfecting various ratios of Q23.17 A204E mutant Env and
Q23.17 parental Env plasmids. Two independent DNA preparations were
generated and tested for each mutant and parental plasmid. The concen-
tration of DNA in each preparation was determined with the NanoDrop
2000 spectrophotometer (Thermo Scientific). The probability of any
given trimeric protein incorporating a mutant monomer defined as fol-
lows: i number of mutant protomers with f fraction of mutant transfected,
assuming random assortment of mutant and parental protomers, was

determined by using the following formula: �3

i �f i�1 � f�3 � i (39).

Infection of mCD4 and huCD4 cells. Cf2Th/syn CCR5 cells that sta-
bly express human CCR5 and either mCD4 or hCD4 were plated into the
wells of a 24-well plate �24 h prior to infection at 4 � 104 cells/well in 500
�l of complete DMEM (18). Cells were infected with HIV-1 Env pseu-
dotyped Q23�env-GFP reporter viruses at an estimated multiplicity of
infection of 0.1 in 100 �l of DMEM by spinoculation for 90 min at 1,200 �
g in the presence of DEAE-dextran at a final concentration of 10 �g/ml.
After incubation for 48 h, the cells were washed with 1� phosphate-
buffered saline and then incubated with 100 �l of 5 mM EDTA to remove
the cells from the plate. The cells were then fixed with 500 �l of 1%
paraformaldehyde. Cells were analyzed for GFP expression by flow cy-
tometry on the Canto II (BD Biosciences).

Derivation of the QA255 CD4i variants. An infectious molecular
clone of HIV-1 was generated by cloning the env gene from
QA255.662M.C (26) into a full-length plasmid derived from the HIV-1
variant Q23.17 by using the SmaI and XhoI sites flanking the env gene as
described previously (40). CD4-independent QA255.662M.C was derived
with CD4� SupT1 T cells and a CD4-negative variant of this line, termed
BC7 (41), each of which was transduced with a lentiviral vector to sta-
bly express human CCR5 (e.g., SupT1/R5 and BC7/R5). Parental
QA255.662M.C was serially passaged in a 1:10 mixture of SupT1/R5 and
BC7/R5 cells, respectively, and monitored during each passage for expression
of p27gag by immunofluorescence microscopy. When infection of 	50% of
the cell mixture was documented, virus was passaged cell free for an addi-
tional 10 times in BC7/R5 cells alone. Full-length env gene sequences were
generated from the culture-adapted virus by standard methods. Briefly, pro-
viral DNA isolated from infected cells was subjected to PCR with primers that
amplify the full-length env gene as described previously (26). An infectious
molecular clone containing the CD4-independent Env was generated by
cloning the env gene into a full-length Q23.17 plasmid as described above.
Full-length plasmids containing the CD4-independent env gene or the paren-
tal env gene (QA255.662M.C) were transfected into 293T cells to generate an
infectious viral stock of each virus. For the viral infection assays, SupT1/R5
and BC7/R5 cells were infected with 50 �g of p24gag for each virus as previ-
ously described (42) The resulting PCR products representing CD4-indepen-
dent env genes were cloned into the pCI-neo vector with the MluI and NotI
restriction enzymes. The Env clones were analyzed for fusion function on
quail QT6 fibroblast target cells (42, 43).

Data presentation and analysis. Data were plotted and Spearman
correlations were performed with Prism version 6.0c (GraphPad Soft-

ware). A204 and G312 residues were highlighted on the BG505 SOSIP
structure (Protein Data Bank [PDB] code 4NCO) (44) with MacPyMOL.

RESULTS
A204E and G312V mutations that permit entry using mCD4 af-
fect antibody recognition of the V1V2 region. We assessed
whether the A204E and G312V mutations, which lead to increased
entry using mCD4 (18), affect the antigenic properties of HIV-1
Env. Seven Env proteins that represent the most common sub-
types circulating in sub-Saharan Africa (A, C, and D) were tested,
i.e., three that were isolated recently after sexual transmission (23
to 70 days), two isolated in the second year of infection, one from
an infant at the first HIV positive time after birth (42 days), and
one from the corresponding mother during chronic infection
(Fig. 1A). For five of the seven Env variants tested, independent
introduction of the A204E and G312V mutations yielded func-
tional Env proteins capable of mediating infection with both the
hCD4 and mCD4 receptors (17, 18). For two of the Env proteins
(QA013.H1 and QC406.F3), only the A204E mutant proteins en-
coded an Env protein capable of mediating entry; the G312V mu-
tation yielded an Env protein that could not mediate entry into
cells with either human or mCD4, and these two nonfunctional
variants were not analyzed in this study. Simultaneous introduc-
tion of the A204E and G312V mutations did not produce a func-
tional Env protein for any of the variants tested. The functional
Env proteins harboring either the A204E or the G312V mutation,
which were selected by passage in vitro, are referred to here as
mCD4-adapted Env proteins.

We previously reported that the introduction of either the
A204E or the G312V mutation resulted in increased sensitivity to
sCD4 (17). Despite this change in sensitivity to sCD4, the intro-
duction of these mutations into parental envelope proteins had
little (
6-fold) to no effect on neutralization by the CD4-binding
site antibody VRC01 (Fig. 1A and B). Similarly, for six of the seven
Env proteins tested, the mCD4-adapted mutant proteins exhib-
ited a relatively modest change (
10-fold) in the IC50 of the PGT
antibodies recognizing the V3 loop and MPER antibody 10E8
(Fig. 1A, C, and D). The exception to this was BG505, for which
the mCD4-adapted Env proteins were resistant to PGT121 and/or
PGT128. In contrast, the introduction of A204E or G312V re-
sulted in an increase in resistance to the quaternary V1V2 anti-
bodies PG9, PG16, and PGT145. This was true for all four Env
proteins that were originally neutralization sensitive. For three
of these four mCD4-adapted Env proteins, the increase in the
IC50 of PG9 and PG16 was greater than 300-fold compared to
that of the parental virus (Fig. 1A and E). For the other three
Env proteins, which were initially resistant to these MAbs, the
mCD4-adapted Env proteins showed no detectable change in
neutralization sensitivity. In one such case, an Env protein
(QF495.A3) that has the N160 residue but does not have the full
glycosylation sequon (N-X-S/T) (22, 45) that is required for
glycan-dependent recognition by PG9 and PG16, was resistant
to neutralization, whether or not the A204E or G312V muta-
tion was present. Two of the envelope proteins (QA013.H1 and
QC406.F3) that maintained the N160 glycosylation site and
were still resistant to PG9 and PG16 remained resistant when
the mutations were introduced.

Thus, while the A204E and G312V mutations had little effect
on recognition by the CD4bs antibody VRC01 and V3 and MPER
antibodies—MAbs that are directed to epitopes that are largely
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found within the monomeric protein (20, 23)—these mutations
disrupted recognition by MAbs targeting quaternary V1V2
epitopes (PG9, PG16, and PGT145) in Env proteins that were
sensitive to these MAbs.

A204E mutant proteins are sensitive to CD4-induced MAb
17b. Our initial results showing dramatic increases in resistance to
PG9, PG16, and PGT145 in the mCD4-adapted Env proteins
compared to parental Env and the fact that the mutations are

FIG 1 (A) Summary of neutralization profiles of seven parental HIV-1 Env proteins and corresponding A204E/G312V mutant proteins. The envelope clone, the virus
subtype (in parentheses), and the estimated number of days postinfection (PI) are indicated in the first two columns. NA indicates that the number of days postinfection
is not available. The A204E and G312V mutant proteins are indicated below the corresponding parental Env protein. Darker shading indicates increasing sensitivity to
the MAb tested, according to the key at the bottom. Gray shading indicates that 50% neutralization was not reach at the highest concentration tested (10 �g/ml). The
IC50s in the chart are average results of at least two independent experiments performed in duplicate. Comparison of IC50s for parental and A204E mutant Env proteins
for MAbs VRC01 (B), 10E8 (C), PGT121 (D), and PG9 (E). IC50s (�g/ml) are plotted for the parental (left) and corresponding A204E mutant (right) Env proteins. The
key at the right indicates the color coding of each parental and mutant Env pair tested.
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found outside the characterized contact residues of these antibod-
ies prompted us to explore whether these mutations cause struc-
tural perturbations by using additional antibodies as probes. The
epitopes of PG9 and PG16 depend on interactions involving
neighboring gp120 subunits that come into contact in the enve-
lope trimer (22, 25, 45). Of note, the interactions between adjacent
gp120 subunits in the Env trimer are also disrupted in the context
of CD4 binding (46). We hypothesized that introduction of the
A204E and G312V mutations resulted in an open trimer confor-
mation similar to that observed upon CD4 engagement. To ex-
plore this hypothesis, we tested the mCD4-adapted Env proteins
for neutralization sensitivity to MAb 17b, which recognizes a
CD4-induced epitope (37). The neutralization assay was per-
formed in the absence of sCD4 in order to assess the sensitivity of
the native trimer to neutralization by MAb 17b. None of the pa-
rental envelope proteins were sensitive to MAb 17b at the highest
concentration of antibody tested, 10 �g/ml. For five of the seven
envelope proteins tested, the A204E mutant protein was more
sensitive to neutralization by MAb 17b than the corresponding
parental Env protein was (Fig. 2A). None of the G312V mutant
proteins exhibited sensitivity to MAb 17b greater than that of the
parental envelope protein (Fig. 2A and B). The IC50 for MAb 17b
correlated with the reciprocal dilution IC50 for pooled HIV-1�

plasma (Spearman r � �0.81, P 
 0.001), suggesting that CD4-
induced antibodies similar to MAb 17b may mediate the increased
sensitivity of these A204E Env proteins to pooled plasma.

The A204E mutation disrupts quaternary epitopes on the
Env trimer. In order to investigate further the structural changes
induced by these adaptive mutations, we first tested a MAb that is
predicted to make contacts with the adjacent protomer near the
CD4bs (VRC03) (24). VRC03 is a potent and broadly neutralizing
antibody, and recently, Lyumkis et al. described the quaternary
nature of the epitope recognized by VRC03 (21, 24). Five of the
Env proteins were initially sensitive to VRC03, and in all five cases,
introduction of the A204E mutation rendered these Env proteins
resistant to neutralization by VRC03 at the highest antibody con-
centration tested (10 �g/ml) (Fig. 2A and E). The subtype A vari-
ant Q23.17 exhibited the greatest effect, with a 	100-fold increase
in the IC50. For four of these Env pairs, the A204E mutation also
increased resistance to quaternary V1V2 antibodies (PG9/PG16
and PGT145) (Fig. 1A). The G312V mutation had a more selective
effect on VRC03 neutralization, with only two of four initially
sensitive variants becoming resistant, both of which also acquired
resistance to PG9/PG16 MAbs (Fig. 1A). The Env proteins that
were initially resistant to VRC03 remained resistant when mu-
tated to either A204E or G312V.

The above results and the observation that portions of the V2
and V3 domains are occluded in the Env structure (24, 44) led us
to hypothesize that the V2 and V3 domains may be more exposed
in the mCD4-adapted Env proteins. To address this hypothesis,
we tested antibodies that target nonquaternary, conformational
epitopes in V2 (697-30D) (36) and V3 (447-52D) (35). All of the
parental Env clones tested were resistant to neutralization by 697-
30D and 447-52D with IC50s greater than 10 �g/ml (Fig. 2C
and D). Three of the Env proteins tested (Q23.17, QA013.H1, and
QF495.A3) became sensitive to neutralization by 697-30D and
447-52D upon introduction of the A204E mutation. The A204E
mutant forms of these Env proteins were also sensitive to neutral-
ization by MAb 17b (Fig. 2B). The G312V mutant Env proteins
did not affect sensitivity to either 697-30D or 447-52D. In the case

of 447-52D, this is not unexpected, given that the G312 residue is
critical for the binding of 447-52D to the V3 loop of Env (35).
Overall, these results indicate that introduction of the A204E mu-
tation disrupts quaternary interactions at the apex of the trimer
and at the CD4bs, as evidenced by resistance to PG9/16 and
VRC03, and expose regions within the variable loops, as evidenced
by sensitivity to 697-30D and/or 447-52D.

Disruption of quaternary epitopes in heterotrimeric Env
proteins. The trimeric conformation of Env is maintained by
metastable interactions between protomers. In order to determine
whether disruption of the quaternary epitopes in the trimer re-
quires that all protomers encode the determinants for mCD4 en-
try, we generated pseudoviruses expressing heterotrimeric Env
proteins by cotransfecting plasmids encoding mutant Q23.17
A204E and parental Q23.17 Env proteins at mutant Env/total Env
fractions of 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. For each population of
heterotrimeric pseudoviruses resulting from the cotransfections,
we determined the probability of any given heterotrimeric protein
containing 	0, 	1, and exactly 3 mutant protomers, assuming
random assortment of parental and mutant Env proteins (22, 39,
47). For example, at a fraction of 0.2, the probabilities that a given
trimer has 	0, 	1, and exactly 3 mutant protomers are 0.49, 0.10,
and 0.008, respectively.

IC50s for VRC03 were determined for each set of heterotri-
meric Env proteins. We plotted the VRC03 IC50s of each popula-
tion of heterotrimeric pseudoviruses independently against the
probabilities of producing a protein with 	0, 	1, and exactly 3
mutant protomers (Fig. 3A to C). As expected, increasing the
amount of A204E mutant transfected resulted in an increase in the
VRC03 IC50, indicating resistance to neutralization. For the plot
of the probability of any given heterotrimeric protein having 	1
(2 or 3) mutant protomer, the curve revealed a nearly log-linear
relationship between the probability of having 	1 mutant
protomer and the VRC03 IC50 (Fig. 3B). These results suggest that
the heterotrimeric proteins containing two or three mutant
protomers are largely responsible for the IC50 increases observed.
Thus, the disruption of quaternary interactions between adjacent
protomers likely requires the presence of at least two mutant
A204E protomers.

Neutralization profiles of Env proteins from pathogenic
SHIV variants. Because the Env variants carrying changes that
conferred increased replication in macaque lymphocytes showed
substantial differences in their antigenic profiles compared to pa-
rental viruses, we assessed the neutralization profiles of three Env
variants from pathogenic SHIVs (SF162P3, 1157ipEL-p, and
AD8-EO) that were generated by serial passage in rhesus ma-
caques (2, 4, 32) (Fig. 4A and B). All Env proteins from pathogenic
SHIVs that we have tested were able to use mCD4 efficiently, sim-
ilar to the Env proteins carrying the A204E and G312V mutations
(18). Similar to the mCD4-adapted Env proteins, two of the Env
proteins from pathogenic SHIVs, both derived from subtype B
HIV-1 variants (AD8-EO and SF162P3) were resistant to quater-
nary V1V2 MAbs (PG9/PG16) (Fig. 4A). The AD8 pair showed a
profile with PG9/PG16 similar to that of the parental and A204E/
G312V mCD4-adapted pairs—the parental Env protein (AD8)
was sensitive to these quaternary MAbs, whereas the macaque-
adapted variant (AD8-EO) was not (Fig. 4A). There was also a
17-fold decrease in sensitivity to PGT145 for this pair. In the case
of SF162, the parental Env was also resistant to PG9/PG16, reflect-
ing the fact that this variant carries a K rather an N at position 160
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(11, 22). SHIV SF162P3 does, however, have an N at position 160;
thus, the lack of a potential N-linked glycosylation site does not
explain its resistance to PG MAbs (11). The SF162 and AD8 Env
proteins were all sensitive to VRC03 and resistant to 697-30D and
447-52D (Fig. 4B).

Env from SHIV 1157ipEL-p exhibited an antigenic profile dif-
ferent from that of the subtype B variants (2). Similar to the
mCD4-adpated Env proteins, this Env was sensitive to MAb 17b
and resistant to VRC03. In contrast to SHIV AD8-EO and SHIV
SF162P3, Env from SHIV 1157ipEL-p was sensitive to PG9/PG16

FIG 2 (A) Summary of the neutralization sensitivities of parental and corresponding A204E/G312V mutant Env proteins to MAbs 17b, VRC03, 697-30D, and 447-52D
and to HIV� pooled plasma. The envelope clone and the virus subtype (in parentheses) are indicated in the first column. The A204E and G312V mutant proteins are
indicated below the corresponding parental Env protein. Darker shading indicates increasing sensitivity to the MAb tested or increasing sensitivity to HIV� pooled
plasma, according to the key at the bottom. Gray shading indicates that 50% neutralization was not reach at the highest concentration tested (10 �g/ml) for MAbs or the
highest dilution of plasma tested (1:100). Comparison of IC50s for parental and A204E mutant Env proteins for MAbs 17b (B), 697-30D (C), 447-52D (D), and VRC03
(E). IC50s (�g/ml) are plotted for the parental (left) and corresponding A204E mutant (right) Env proteins. The key at the right indicates the color coding of each parental
and mutant Env pair tested.
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(Fig. 4A). Thus, each of the Env proteins from animal-passaged,
pathogenic SHIVs was resistant to some MAbs directed to quater-
nary epitopes, although they were not uniformly or consistently
resistant to particular MAbs of this type.

Changes in the neutralization profile of CD4-independent
Env proteins. The neutralization profiles of the mCD4-adapted
Env proteins, particularly the A204E mutant proteins described
above, were similar to those previously published for HIV-1 Env
proteins that are CD4 independent (CD4i) in that they exhibited
increased sensitivity to both sCD4 and MAb 17b (48–50). To test
whether CD4i Env proteins show changes in neutralization sensi-
tivity similar to those of mCD4-adpated Env proteins, including
disruption of quaternary epitopes, we derived CD4i variants of
one of the subtype A HIV-1 Env proteins tested above
(QA255.662M.C). For this purpose, a full-length proviral clone
encoding the Env of interest was generated and used to produce
virus that was passaged in culture containing CD4-negative,
CCR5-positive cells. A virus that replicated in these cells was iso-
lated after 10 passages. Full-length Env sequences from the cul-
ture-adapted CD4i variants were cloned and tested for the ability
to mediate fusion in CD4-negative cells. Two CD4i Env proteins
(QA255-CD4iA and QA255-CD4iB) could mediate robust cell-
cell fusion on quail QT6 target cell that expressed CCR5 in the
absence of CD4 (Fig. 5A). No fusion activity was acquired by these
CD4-independent Env proteins on CXCR4 with or without CD4.
When cloned into a subtype A provirus, viruses containing the
QA255-CD4iB or parental QA255.662M.C Env protein could in-
fect CD4-positive SupT1/CCR5 cells, but only a virus with the
QA255-CD4iB Env protein could mediate a spreading infection
on a CD4-negative variant of this line (BC7/CCR5) (Fig. 5B).

The two CD4-independent Env proteins exhibited neutraliza-
tion profiles similar to those of the A204E mutant Env proteins
(Fig. 5C and D). Compared to the parental Env protein from
which they were derived, the CD4-independent Env proteins ex-
hibited an increase in resistance to antibodies that recognize
quaternary epitopes (PG9/PG16 and VRC03). This increase in
resistance to antibodies that recognize quaternary epitopes corre-
sponded to an increase in sensitivity to the CD4-induced MAb 17b
and the MAb 447-52D, which targets a V3-specific epitope that
may be buried in the parental Env protein (35). The striking sim-
ilarity in the antigenic properties of the CD4-independent Env
proteins tested and those of A204E mutant Env proteins that
evolved to use the mCD4 receptor suggests that similar conforma-
tional changes may be required for HIV-1 Env proteins to adapt to
mCD4 and to become CD4 independent.

Association between sensitivity to antibodies recognizing
quaternary epitopes and mCD4 infectivity. The ability to use the
mCD4 receptor for entry is a prerequisite for establishing persis-
tent infection in macaques. Our neutralization data on the mCD4-
adapted Env proteins suggest that adaptation of HIV-1 Env pro-
teins to mCD4 in vitro and in vivo results in disruption of
quaternary epitopes that are recognized by some bNAbs within
the context of the trimer. These results raise the possibility that
HIV-1 Env variants that use mCD4 as a receptor may not be tar-
geted by these neutralizing antibodies, limiting the potential util-
ity of the SHIV model in cases where the immune response targets
more complex epitopes. To address this possibility, we investi-
gated whether the ability of HIV-1 Env proteins to use the mCD4
receptor for entry predicts their sensitivity to a MAb that targets a
quaternary epitope. We previously tested the ability of 30 HIV-1
Env proteins isolated from patients recently after transmission to
enter cells with the mCD4 receptor (18). In the present study, we
tested an additional 18 HIV-1 Env variants isolated soon after
infection for a total of 48 variants. Forty-three of the HIV-1 Env

FIG 3 Sensitivity of heterotrimeric pseudoviruses to neutralization by
VRC03. IC50s are plotted on the y axis versus the probability of any given
trimer containing 	0 (A), 	1 (B), or 3 (C) mutant protomers. Probabilities
were calculated according to the fraction of mutant plasmid transfected (0, 0.2,
0.4, 0.6, 0.8, or 1). Two independent sets of DNA preparations were generated
and tested. AE, A204E.
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proteins tested were isolated recently after infection. We focused
on recently transmitted variants because SHIVs encoding such
Env proteins may be more representative of variants against which
an effective vaccine would need to protect than lab-adapted Env
proteins or those isolated later in infection. Entry was measured by
comparing infection of cells expressing mCD4 with those express-
ing human CD4 (Fig. 6; see Table S1 in the supplemental mate-
rial). There was no correlation between sensitivity or resistance to
PG9 (Spearman r � 0.12, P � 0.42) or PG16 (Spearman r � 0.16,
P � 0.27) and entry using mCD4, suggesting that the ability to use
mCD4 for entry is not a determinant of sensitivity to PG9/PG16
for HIV-1 Env proteins. For 83% (40/48) of the HIV-1 Env pro-
teins tested, relative infection of mCD4 cells compared to human
CD4 cells was �10%. The eight HIV-1 Env proteins that used the
mCD4 receptor more efficiently (relative infection of 	10%) ex-
hibited a wide range of neutralization sensitivity to PG9/16 (0.003
to 50 �g/ml). Among these variants, two Env proteins were neu-
tralized at a concentration of 0.5 �g/ml, which is comparable to
the median IC50 of 0.2 �g/ml for variants tested against PG9 (20).
Overall, these results indicate that there is a subset of HIV-1 Env
proteins that are able to use the mCD4 receptor for entry and
maintain the quaternary epitope targeted by PG9/PG16.

DISCUSSION

Most HIV-1 Env proteins do not mediate entry using mCD4 or do
so poorly, in particular, those representing circulating HIV-1 vari-
ants spreading in humans (18). In the context of a SHIV, Env can
be readily adapted to increase the replication fitness of the virus in
macaque cells, with as little as a single point mutation required to
increase infectivity (18). Importantly, SHIVs currently used for
vaccine and transmission studies have all undergone adaptation
for increased replication fitness in macaques (1). Here we show
that the cost of the adaptation of HIV-1 for replication in ma-
caques is a shift in antibody recognition. In particular, our data
suggest that the quaternary structure of Env is altered, making
adapted Env proteins generally resistant to antibodies that recog-
nize quaternary epitopes or make contacts with the adjacent
protomer, such as PG9/PG16 and VRC03. However, there are

some examples of circulating HIV-1 variants that can use the
mCD4 receptor for entry and retain recognition by quaternary
antibodies. We propose that the ability to use mCD4 as a func-
tional receptor with limited disruption of quaternary epitopes
should be used as a criterion for the rational design of SIV/HIV
chimeric viruses that best recapitulate features of Env proteins of
biologically relevant HIV-1 variants.

We previously reported that two independent mutations,
A204E and G312V, that were selected as a subtype A-derived SHIV
adapted to replicate in macaque cells significantly increase mCD4-
mediated entry (18). Although the A204E and G312V mutations
were identified by adapting a SHIV encoding a single HIV-1 Env
variant (Q23.17), the mutations increased mCD4-mediated entry
and replication for HIV-1 Env proteins representing globally cir-
culating HIV-1 variants of diverse subtypes (17, 18). The G312V
mutation was also observed in minimally modified HIV-1 pas-
saged in macaques (19). In the present study, we assessed the con-
formational changes induced during adaptation to mCD4 across
seven HIV-1 Env variants, including six cloned directly from the
infected individual and several representing transmitted variants.
For parental Env proteins that were initially sensitive to the anti-
bodies tested, the mCD4-adapted Env proteins were more resis-
tant to MAbs that recognize quaternary epitopes on the Env
trimer. These antibodies included PG9, PG16, and PGT145,
which recognize complex epitopes in the V1V2 region (20, 22),
and VRC03, which targets the CD4bs (21) and is predicted to have
more contact with adjacent protomers than other CD4bs MAbs
such as VRC01 (24).

Interestingly, we detected differences in the antibody recogni-
tion profiles of the A204E and G312V mutant proteins. The A204E
mutation caused a more global change in antibody recognition
that included resistance to MAbs targeting quaternary epitopes in
V1V2 (PG/PG16 and PGT145) and the CD4bs (VRC03), in-
creased sensitivity to sCD4 and MAb 17b, and in a subset of cases,
sensitivity to MAbs that target epitopes in V2 (697-30D) and V3
(447-52D) that may be hidden in the parental Env protein (51,
52). The G312V mutant proteins also showed resistance to MAbs

FIG 4 Summary of neutralization profiles of Env proteins from pathogenic SHIVs. The pathogenic SHIVs from which the Env proteins were derived are
indicated in the first column along with the subtypes (in parentheses) (A, B). Darker shading indicates increasing sensitivity to the MAb tested or increasing
sensitivity to HIV� pooled plasma, according to the key at the bottom. Gray shading indicates that 50% neutralization was not reach at the highest concentration
tested (10 �g/ml) for MAbs or the highest dilution of plasma tested (1:100).
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FIG 5 Evaluation of CD4-independent Env proteins from QA255.662M.C (A) Cell-cell fusion activity of CD4-independent Env proteins was assessed on QT6 target
cells expressing the indicated coreceptors with or without CD4. Fusion was quantified in relative light units (RLU). A vector containing only GFP was used as a negative
control. (B) Viral growth in CD4-positive (SupT1/CCR5) and CD4-negative (BC7/CCR5) cell lines is shown for subtype A viruses containing parental QA255.662M.C
or CD4-independent QA255-CD4iA and QA255-CD4iB Env proteins. Reverse transcriptase (RT) activity (counts per minute [cpm]) is shown. (C, D) Summary of
neutralization profiles of CD4-independent Env proteins. The parental Env protein from which the CD4-independent Env proteins were derived is indicated on the first
row with the CD4-independent Env proteins below.

902 jvi.asm.org January 2015 Volume 89 Number 2Journal of Virology

http://jvi.asm.org


targeting quaternary V1V2 epitopes (PG9/PG16 and PGT145),
but only some variants showed resistance to VRC03. In addition,
G312V did not affect the sensitivity to MAb 17b or the V2 and V3
MAbs for any of the Env proteins tested, suggesting that there are
more limited structural changes because of the G312V mutation
than because of the A204E mutation.

Recently, the structure of a soluble, stabilized form of the Env
trimer (SOSIP) of a subtype A variant used in this study (BG505)
was determined (24, 44). Figure 7 highlights the A204E and
G312V mutations mapped onto the SOSIP trimer model (PDB
code 4NCO). Previous studies demonstrated that disruption of
interactions between V1V2 and V3 within gp120 relaxed the
monomer to a state similar to that observed upon CD4 binding,
with formation of the bridging sheet and a more ordered CD4bs
(53, 54). Thus, there are likely at least two constraints on Env in
the context of the trimer: (i) quaternary interactions at the apex of
the trimer formed by V1V2 and V3 from adjacent protomers and
(ii) tertiary interactions within gp120 subunits including V1V2
and V3 within a given protomer. The observation that the A204E
mutation causes both resistance to antibodies that target quater-
nary epitopes and sensitivity to antibodies that target CD4-in-
duced epitopes suggests that this change is not simply causing

local perturbations of a single epitope. Rather, the data are consis-
tent with a model in which this mutation relaxes both constraints
on Env in the context of the trimer. Analysis of heterotrimeric Env
proteins suggests that at least two mutant protomers are required
to disrupt quaternary interactions within a heterotrimeric pro-
tein. The G312V mutation caused resistance to quaternary V1V2
antibodies but did not cause increased sensitivity to antibodies
targeting CD4-induced epitopes. Thus, the G312V mutation may
loosen quaternary contacts between adjacent protomers without
disrupting the tertiary interactions within gp120 subunits. The
differences in the neutralization profiles of the A204E and G312V
mutant proteins suggest that there is a spectrum of conforma-
tional changes that can occur as HIV-1 Env proteins adapt to use
mCD4 for entry. The A204E mutant proteins may represent
mCD4-adapted Env proteins that exhibit more extensive confor-
mational changes similar to those observed for CD4-independent
Env proteins, while the G312V mutant proteins represent mCD4-
adapted Env proteins with changes limited to the quaternary con-
tacts between adjacent protomers. These findings suggest that it
may be possible to identify Env variants that can bind mCD4 and
yet retain many of the structural and antigenic features of circu-
lating HIV-1 variants.

FIG 6 Relationship between infection of cells expressing mCD4 and sensitivity to MAbs targeting a quaternary epitope in the V1V2 region, PG9 (A) and PG16
(B). The association between infection of cells expressing mCD4 and sensitivity to neutralization by PG9 or PG16 was determined by using infectivity data as
described previously (18). Each dot represents a different Env variant tested. The gray dotted line represents the threshold (10% relative infection) used to identify
HIV-1 Env proteins that might be suitable for SHIV development.

FIG 7 Locations of the A204E and G312V mutations in the context of the structure of the Env trimer. (A) Side view of two gp120 subunits of the BG505 SOSIP
structure (44) with the A204 residue highlighted in yellow and the G312 residue in red (obtained with MacPyMOL). (B) Top view of all three protomers of the
BG505 SOSIP structure with the A204 and G312 residues highlighted.
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The A204E and G312V mutations were selected to permit in-
teraction with mCD4, and they are critical for allowing Env to
mediate the entry of a CD4 receptor carrying isoleucine at position
39, as found in the mCD4 molecule (18). Our data indicate that
the antigenic changes that accompany adaptation to mCD4 are
similar to those that result from adaptation for CD4 indepen-
dence. The neutralization profiles of the A204E mutant proteins
were similar to those of the CD4-independent Env variants
derived from one of the Env variants tested in this study
(QA255.662M.C), including resistance to quaternary-epitope-di-
rected MAbs and increased sensitivity to MAbs targeting CD4-
induced epitopes. Thus, the process of adapting to mCD4 may
lead to functional and structural changes similar to those involved
in the process of adapting to low human CD4 receptor levels and
CD4 independence. Related to this model, prior studies of SIV
observed that Env trimers from a CD4-independent SIV by cryo-
electron microscopy exhibited an open conformation highly re-
lated to CD4-activated Env proteins and markedly different from
the more compact CD4-dependent SIV Env protein (46, 55). Of
note, the mutations that lead to adaptation to mCD4 also confer
the ability to use smaller amounts of the human CD4 receptor for
entry (18). Interestingly, previously described variants capable of
infecting cells expressing small amounts of CD4 exhibit antigenic
properties similar to those identified for A204E and G312V mu-
tant proteins, including resistance to PG9/PG16 and sensitivity to
447-52D (56). Taken together, the results suggest that HIV-1 Env
variants may experience similar selective pressures and resulting
conformational changes as they adapt to cells expressing either
mCD4 or small amounts of human CD4.

Given the changes in conformation in HIV-1 Env that resulted
from adaptation to mCD4-mediated entry in vitro, we hypothe-
sized that HIV-1 Env variants encoded by pathogenic SHIVs,
which are selected after adaptation for replication in macaques,
would show similar disruption of quaternary antigenic determi-
nants. Of note, these Env proteins from pathogenic SHIVs have A
at position 204 and G at 312, suggesting that other amino acids are
determining the ability of these Env proteins to mediate entry via
the mCD4 receptor. These differences allowed us to probe
whether general features of the Env protein that confer the ability
to use the macaque receptor alter its antigenic properties, irrespec-
tive of the specific mutations involved.

Two of the Env proteins tested (AD8-EO and SF162P3) were
resistant to PG9/PG16, as reported previously (10), suggesting
that they did not form the quaternary epitope required for anti-
body binding. In the case of AD8-EO, resistance to PG9/PG16
developed after passage of the parental virus (AD8) in animals, an
evolution that is similar to that observed for the variants specifi-
cally selected for mCD4-mediated entry. Interestingly, Env pro-
teins AD8-EO and SF162P3 exhibited more limited changes in
antigenicity that were characteristic of the G312V mutant pro-
teins, including resistance to PG9/PG16 but not impacting VRC03
and 697-30D or 447-52D recognition. Env 1157ipEL-p had a
unique profile, exhibiting resistance to VRC03 but none of the
other changes associated with either G312V or A204E. Env
1157ipEL-p was neutralized by MAb 17b and HIV-1� pooled
plasma, suggesting that epitopes similar to those exposed upon
CD4 binding were formed in the native trimer.

Several prior studies have investigated the effect of serial pas-
sage in macaques on the antigenic properties of Env from CXCR4-
using or dual-tropic SHIVs and also noted resistance to some

MAbs greater than that of the unpassaged viruses (14, 15, 57). In
these models, it is unclear what role adaptation to mCD4 plays
given that CXCR4-tropic, lab-adapted viruses are able to infect by
using the mCD4 receptor (18, 58, 59). Some studies have indicated
a role for the host antibody response in driving escape that re-
sulted in resistance to MAbs and plasma from infected macaques
(13, 14, 16, 60). Also, this evolution has been attributed in part to
changes in coreceptor affinity or specificity (16, 61), and changes
in Env that allowed better interaction with the CD4 receptor may
have facilitated this coreceptor switch (62). Our findings suggest
that, in addition to direct antibody pressure and selection for a
change in coreceptor specificity, selection for increased entry via
the mCD4 receptor may be an important driver of antigenic vari-
ation in SHIVs. It is possible that the SHIVs that advanced
through animal testing, which likely represent a small subset of
those constructed and tested in cell culture, are the ones that were
engineered with the rare HIV-1 Env proteins that utilized the
mCD4 receptor with relatively high efficiency. It is also possible
that adaption in macaques further enhanced infectivity. In some
cases, such as 1157ipEL-p and SF162P3, the virus was passaged
during acute infection (2, 63), minimizing competing selection by
host neutralizing antibodies. For a virus such as AD8-EO, passage
was later infection (32), a time when Env was potentially under
competing selective pressures to maximize mCD4-mediated entry
and at the same time escape from neutralizing antibodies. In this
regard, our findings provide a potentially informative approach to
the identification of Env proteins that can use the mCD4 receptor
yet have minimal changes in their antigenic profile by adapting
Env to mCD4 in the presence of a MAb such as 17b, 697-30D, or
447-52D that would limit global structural effects on antibody
recognition that lead to increased sensitivity.

The SHIVs analyzed in this study are important tools for as-
sessing the capacity of antibodies to block infection and provide
therapeutic benefits and have led to important findings concern-
ing pathogenesis in macaques. Nonetheless, the disruption of key
antigenic determinants in HIV-1 variants adapted for replication
in macaques potentially limits the utility of this model for fairly
assessing the benefit of antibodies directed to quaternary epitopes.
PG9 and PG16 are prototype quaternary, glycan-dependent MAbs
that target one of the major epitopes on HIV-1 Env and thus may
be an important component of protective antibody responses elic-
ited by a vaccine (64). The potency of these MAbs may be under-
estimated when using current SHIV models, although our data
suggest that the SHIV 1157ipEL-p may be well suited for studies
with these MAbs. Similarly, increased neutralization sensitivity to
antibodies directed to epitopes that are more concealed on Env
trimers could also be misleading. Therefore, there is a need for
novel pathogenic SHIVs that maintain quaternary epitopes tar-
geted by antibodies such as PG9/PG16 and are otherwise more
representative of the Env structure of viruses circulating in hu-
mans. We screened a large panel of HIV-1 Env proteins isolated
recently after transmission and identified a subset of unadapted
Env proteins that are able to use the mCD4 receptor for entry at
levels close to those of human CD4. This subset represents HIV-1
Env proteins of subtypes A, B, and C that exhibit a wide range of
sensitivities (IC50s of 0.003 to 50 �g/ml) to the PG9/PG16 MAbs.
Identification of HIV-1 Env proteins that are able to use the
mCD4 receptor for entry and maintain quaternary epitopes may
facilitate the generation of SHIVs that are more representative of
transmitted/founder HIV-1 variants.
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